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1 Frame of ref er ence
In ter ac tion with in dus try sup ports the view that re li abil ity
is a ma jor cri te rion [1] un der con sid er ation while eval u at ing
con cepts in the ini tial phases of de sign. Al though many multi
cri te ria de ci sion mak ing meth ods are avail able to se lect the
 final con cept (s) from the avail able can di dates [2], re li abil ity
like other cri te rion is nor mally given some weight and it
 becomes one of the given cri te ria dur ing the se lec tion of
 concepts. Since re li abil ity is a very im por tant cri te rion in
prod uct de sign, we here pro pose to ob tain the or di nal ranks
us ing sub jec tive in puts on the ba sis of func tion al ity ful fil ment
in the ini tial phases of de sign. Also, it is am ply clear and
 argued that the data to cal cu late re li abil ity is not avail able in
the con cep tual de sign phase of orig i nal de sign [3]. How ever
we pro pose to rel a tively as sess the reliability of con cepts and
then screen out those that seem to have un ac cept able level of
rank.
The over view of this pa per is as fol lows. In Sec tion 2, we
re view re li abil ity and its def i ni tion. Sec tion 3 aims to ex plain
the pro posed model of com par ing con cepts with re spect to
 reliability. In the same sec tion, we pres ent an over view of
the tools we in tend to ap ply for the cal cu la tions. They are
the  Analytic Hi er ar chy Pro cess (AHP) [4] and the entropy
method [2]. The idea of con cept func tion al ity graph is in tro -
duced to en able de sign ers to look at the fi nal out come and to
pro vide ease of de ci sion mak ing. The ex am ple prob lem is
 introduced in Sec tion 4. It con sists of seat sus pen sions for an
off high way ve hi cle taken from [5]. In Section 5, we ap ply the
method pro posed (Sec tion 3) on the ex am ple prob lem (Sec -
tion 4) and the re sults are then dis cussed. We con clude the
 paper in sec tion 6 with a brief note on our fu ture work.
2 Re li abil ity: re view and def i ni tion
To ex plore and un der stand the method pro posed, let us
first un der stand the grounds of this re search. Re li abil ity has
been de fined as “The prob a bil ity that an item will per form
a re quired func tion, un der stated con di tions, for a stated
 period of time.” [6]. Nor mally, while speak ing of re li abil ity,
we speak in terms of break down of the prod uct. But then this
“Break down” con cept does not fully con form to the above
and ac cepted stan dard def i ni tions. It is also per for mance that
dic tates re li abil ity. For ex am ple, if a mis sile is in tended to
cover a range of 1000 km un der stated con di tions and stated
pe riod of time, and if it is un able to reach that range, its re li -
abil ity is lower.
It is gen er ally ar gued that con ven tional re li abil ity cal cu la -
tions in the Con cep tual de sign phase are of lim ited use [7].
We ar gue that there are var i ous types of de signs that  in -
dustries un der take and the def i ni tion of Con cep tual de sign
 differs from com pany to com pany. For ex am ple, a com pany
may wish to uti lize the avail able com po nents in the mar ket for 
a new prod uct. The prod uct is def i nitely new but the con cep -
tual de sign phase of such a prod uct would en tail se lec tion of
avail able com po nents to make an “ideal” fit that the in dus try
wishes to go ahead with. Pre dict ing and cal cu lat ing re li abil ity
in such cases is pos si ble us ing the tech niques avail able. Also,
in case of orig i nal de signs, a Rel a tive mea sure can be ob tained 
which is ex plained in the sec tion that fol lows.
Coo per & Thomp son [8] have listed all the valu able re li -
abil ity pre dic tion tools in their pa per. Qual i ta tive meth ods
have been sug gested in the con cep tual de sign phase and
quan ti ta tive meth ods in the lat ter phases of de sign. Still, most
of the tech niques ap plied are meant for adap tive de signs [3]
or “pro pri etary prod ucts” and not for orig i nal de signs.
As re gards orig i nal de sign [3], ab so lute re li abil ity cal cu la -
tions in the con cep tual de sign phase are not pos si ble but a rel -
a tive re li abil ity in di ca tor may be cal cu lated in or der to rate
the gen er ated de sign op tions and get the or di nal rank ings for 
them. We pro pose a method to uti lize functionalities for cal -
cu lat ing the in dex, what we call the Rel a tive Re li abil ity Risk
In dex (RRRI or R3I). The ar gu ment that func tion al ity has less 
to do with re li abil ity seems in valid here be cause, as we stated
ear lier, per for mance is a mea sure of re li abil ity and the func -
tion al ity in di ca tion re fers to the per for mance of the prod uct
con sid ered dur ing the con cep tual de sign phase. Hence forth,
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we fol low a rel a tive ap proach in cal cu lat ing R3I us ing the an a -
lytic hi er ar chy pro cess (AHP). The method is pro posed in the
next section.
3 Func tion al ity as an in di ca tor of risk
and pro posed method
To cal cu late the Rel a tive Re li abil ity Risk In dex (R3I), we
pro pose a four step meth od ol ogy (Fig. 1). To be gin with, we
con sider the es tab lished func tion struc ture of the prod uct. We
deal with this in more de tail in the next sub-sec tion. Af ter
 consideration of func tion struc ture, the An a lytic Hi er ar chy
Pro cess (AHP) [4] is ap plied so as to rel a tively rate the main
func tions of the func tion struc ture. We con sider the main
func tions (Sec tion 3.1), func tions that are fun da men tal to
the sys tem [3] and com pare them with re spect to the al ter na -
tives. Af ter the com par i sons have been made, we ob tain the
pri or i ties. Ap pli ca tion of AHP is done us ing the com mer -
cially avail able De ci sion Sup port Soft ware by Ex pert Choice.
The soft ware is in ter ac tive with the re quired num ber crunch -
ing and pro vides a mea sure of In con sis ten cies dur ing the
 comparison. This In con sis tency gives a good mea sure of the
rel a tive rat ings, and pro vides a check whether the com par i -
sons should be per formed again. Us ing these pri or i ties, we
draw Con cept Func tion al ity Graphs (CFGs). 
CFG in di cates the rel a tive mea sure of func tion al ity ful fil -
ment with re spect to each of the avail able con cepts. The
 example prob lem (Sec tion 4) and the ap pli ca tion of this
meth od ol ogy on this ex am ple shall clar ify the steps of this
meth od ol ogy in due course. Step four in cludes as sign ing
weights to the func tions. We do this us ing the en tropy method 
[2]. This method has been adopted be cause it does not re -
quire the de signer to in di cate the weight. In stead, weights are
cal cu lated us ing the in for ma tion ob tained from the de ci sion
ma trix. Ad di tion ally, this helps to rule out any chance of prej -
u dice or ma nip u la tion to as sign weights by the de ci sion -
-maker. Even if the weights have al ready been as signed by the
de ci sion-maker, they can be com bined with the weights ob -
tained us ing this method (Sec tion 3.3). Now, this de ci sion
 matrix is ar rived at in step 2 us ing AHP. The ap pli ca tion of
AHP leads to the nor mal ized pri or i ties, which are used to ex -
tract in for ma tion for in put to the en tropy method in step 4.
3.1 Func tion struc tures as a means of
mod el ling con cepts
Es tab lish ing Func tion struc tures in the Con cep tual phase
of de sign helps to pur sue de sign in a sys tem atic man ner.
There have been many ap proaches to wards de vel op ing func -
tion mod els. For brev ity, we do not dis cuss all of them here but 
fol low the ap proach pro posed by Pahl and Beitz [3]. In the
ini tial stages of de sign, the tech ni cal sys tems are rep re sented
us ing func tion struc tures be fore their so lu tion prin ci ples have 
been pro posed. Ini tially a “Black box” ap proach to wards the
sys tem is es tab lished, rep re sent ing the over all sys tem goal
with the in puts and out puts. The in puts and out puts are in the 
form of en ergy, mat ter and sig nals. Then subfunctions are
added to this sys tem and each of them is usu ally rep re sented
as a verb-noun pair. The de tail of the struc ture de pends on
the level of ab strac tion one wants to achieve. There are two
types of func tions, main func tions and aux il iary func tions.
Main func tions are the those di rectly help achieve the over all
goal, and Aux il iary func tions in di rectly help in achiev ing the
over all func tion. To un der stand this better, let us take an
 example of a com mon 3-axes hor i zon tal Lathe ma chine. The
func tion struc ture of such a Lathe is shown in Fig. 2 and Fig. 3
at dif fer ent lev els of ab strac tion.
Ini tially the over all func tion is laid down in which the
main task of the Lathe is con sid ered i.e. Ma chin ing Work
piece (W/P) (As shown in Fig. 2). To un der stand this, re fer to
the sym bols for the con ver sion of mat ter, en ergy and sig nals
as shown be low Fig. 3.  When con sid ered at a de tailed level of
ab strac tion, the struc ture as shown in Fig. 3 is ar rived at. 
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Fig. 2: “Black Box” ap proach
3.2 An a lytic hi er ar chy pro cess
The an a lytic hi er ar chy pro cess, de vel oped by Saaty, is one
of the avail able mutli at trib ute de ci sion mak ing tools. The
strength of this tool lies in uti lis ing in sight based soft in for ma -
tion from the de ci sion mak ers in the form of rel a tive val ues. A
hi er ar chy is de vel oped in which the main ob jec tive forms the
high est level. The next lower level is oc cu pied by the cri te ria,
and so on. The bot tom most hi er ar chy is oc cu pied by the
 alternatives avail able. One such hi er ar chy is shown in Fig. 4.
Once the hi er ar chy has been es tab lished, com par i son ma tri -
ces are for mu lated and com par i sons of lower level cri te ria are
made with re spect to the prop erty at the up per level. Much
 literature is avail able on AHP that deals with the math e mat ics
of the method, one of them be ing [9].
The ex am ple prob lem we un der take to il lus trate the
AHP method is that of  se lect ing of a tem per a ture sen sor. A
Uni ver sity Ther mo dy nam ics Lab o ra tory wants to pur chase a
tem per a ture sen sor for tem per a ture mea sure ments. The al -
ter na tives avail able in the mar ket are therm is tors, plat i num
re sis tance ther mom e ters and thermocouples. We would like
to men tion here that this is a hy po thet i cal sit u a tion where we
limit out al ter na tives to three only for ease of ex pla na tion.
The cri te ria on which the se lec tion de pends are ac cu racy,
tem per a ture range mea sured, price and re li abil ity. The
 hierarchy is shown in Fig. 4. If we ap ply the top-down ap -
proach here, we would first com pare all the cri te ria, i.e.
 accuracy, tem per a ture range, price and re li abil ity us ing a
pairwise com par i son ma trix with re spect to the ob jec tive i.e.
se lect ing a tem per a ture sen sor. Such a pairwise com par i son
ma trix is shown in Ta ble 1. Next, we com pare all the three
 alternatives with re spect to each prop erty at the level above
it. There would be four com par i son ma tri ces for these com -
par i sons that are shown as Ta ble 2, 3, 4 and 5. Com par i sons
are made us ing a scale that in volves in te gers from 1 to 9
and their re cip ro cals to rep re sent rel a tive im por tance. If a
 numeric scale can not be used, ver bal as sess ment is then
 preferred. We shall be us ing ver bal as sess ment for cal cu lat -
ing R3I. 
Incon: 0.05
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Fig. 3: Func tion struc ture of a Lathe
 Selecting Temperature sensor 
 Temperature range Price  Reliability 
Platinum Resistance Thermometer Thermistor Thermocouple 
Accuracy
Fig. 4: Hi er ar chy for a tem per a ture sen sor se lec tion prob lem
Here, A = ac cu racy, TR = tem per a ture range mea sured,
R = re li abil ity, P = price, PRT = plat i num re sis tance ther -
mom e ter, T = therm is tor and TC = thermocouple.
The pri or i ties cal cu lated are shown in the com par i son ma -
tri ces. These ma tri ces are used to cal cu late the fi nal pri or i ties
for the avail able al ter na tives. With each ma trix, there is as so -
ci ated a Con sis tency In dex (CI) which gives the mea sure of
con sis tency in the com par i sons made. We use the ex pert
choice soft ware for cal cu lat ing CI. Usu ally, CI should be un -
der 10 % for the re sults to be ac cept able; else the com par i son
should be un der taken again.
In the method we have pro posed to cal cu late R3I, we shall
cal cu late the pri or i ties of the al ter na tives with re spect to cri te -
ria, but we do not com pare the cri te ria with re spect to the
 objective. This is be cause the cri te ria that are avail able with us
are func tions (Main func tions) from the func tion struc tures. It
would be in ad vis able to com pare the func tions that are ba sic
or fun da men tal to the sys tem us ing the pairwaise com par i son
ma trix, be cause all the main func tions may seem to be equal -
ly important to the de signer. In stead, we use the En tropy
method [2] to cal cu late the weights of the func tions with us.
Sub sec tion 3.3 ex plains the entropy method.
3.3 En tropy method to cal cu late weights
The en tropy method [2] is an MADM method to cal cu late
the weights of the at trib utes that have been con sid ered dur ing 
the de ci sion-mak ing pro cess. It uti lizes the in for ma tion con -
tent of the de ci sion ma trix to cal cu late the weights of the
 attributes. This method has been adopted as a part of cal cu -
lat ing R3I be cause it may be in ap pro pri ate for a de signer to
com pare func tions rel a tively from the func tion struc ture. The
in for ma tion con tents of the nor mal ized val ues of the at trib -
utes can be mea sured us ing en tropy val ues. The en tropy Vj of
the set of nor mal ized out comes of at trib ute j is given by
V l l j j kj ij ij
i
n
= − ∗ =
=
∑b ln , (
1
1for all to represents 
attribute and to represents alternativei n=1 )
 (1)
where b is con stant which de fined as b =1 ln( )n  and lij is a
nor mal ized el e ment of the decision ma trix. If there are no
pref er ences avail able, the weights are cal cu lated us ing the
equa tion 
w
e
e
e Vj
j
i
i
k j j= = −
=
∑
1
1and .  (2)
If the de ci sion maker has the weights avail able be fore hand 
we, it can be com bined with the weights cal cu lated above, re -
sult ing in new weights that are wnew.
W
w w
w w
new
e j
e i
i
k=
∗
∗
=
∑
1
. (3)
3.4 Con cept func tion al ity graphs
Con cept func tion al ity graphs de pict the strengths and
weak nesses of the con cepts gen er ated in the con cep tual
 design phase. They are the graphs be tween the func tional
 priorities ob tained from AHP and the con cepts.  Ulrich &
Eppinger [10] have pro posed a five-step method for gen er at -
ing so lu tion con cepts us ing Func tion di a grams. This strategi c 
ap proach to wards gen er at ing con cepts helps iden tify the
strengths and weak nesses of all con cepts functionwise. Un for -
tu nately, sys tem atic meth ods are not al ways used in in dus try
[11]. Also, a large num ber of con cepts gen er ated pro duce a
com plex sit u a tion to re cog nise the strengths and weak nesses
as re gards each func tion in the con cepts. Hence forth concept
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Sen sor A TR P R Pri or i ties
A 1 3 1/3 2 .257
TR 1/3 1 1/3 2 .147
P 3 3 1 3 .483
R 1/2 3 1/3 1 .113
Incon: 0.8
Table 1: Com par i son ma trix for cri te ria
A PRT T TC Pri or i ties
PRT 1 5 5 .709
T 1/5 1 2 .179
TC 1/5 1/2 1 .113
Incon: 0.05
Table 2: Com par i son ma trix wrt Ac cu racy
TR PRT T TC Pri or i ties
PRT 1 5 6 .726
T 1/5 1 2 .172
TC 1/6 1/2 1 .102
Incon: 0.03
Table 3: Com par i son ma trix wrt Temp range
R PRT T TC Pri or i ties
PRT 1 3 5 .163
T 1/3 1 3 .540
TC 1/5 1/3 1 .297
Incon: 0.01
Table 4: Com par i son ma trix wrt Re li abil ity
P PRT T TC Pri or i ties
PRT 1 1/3 1/2 .637
T 3 1 2 .258
TC 2 1/2 1 .105
Incon: 0.04
Table 5: Com par i son ma trix wrt Price
func tion al ity graphs are thought of as a means to rep re sent
the strengths and weak nesses of con cepts af ter the com par i -
son us ing AHP has been per formed.
4 Ex am ple un der con sid er ation: seat
sus pen sions
The ex am ple we use here to il lus trate the ap pli ca tion
of this meth od ol ogy is the seat sus pen sion mech a nism for
off-high way ve hi cles. It has been taken from [5]. Hurst had
con sid ered this ex am ple to il lus trate the ef fec tive ness of us ing 
spread sheets for con cept se lec tion. The method ap plied is
sim i lar to the Weight ing & Rat ing method and the rat ings
pro vided to the con cepts with re spect to cri te ria are in terms
of sat is fac tion of cri te ria. All the six con cepts are shown in
Fig. 5.
5 Ap pli ca tion of the pro posed method 
on ex am ple and re sults
5.1 Es tab lish ing func tion struc tures
The func tion struc ture es tab lished for Seat sus pen sions is
shown in Fig. 6. Es sen tially, 3 main func tions are con sid ered
in the struc ture. They are Hold seat, Damp en ing Vi bra tions
and Ad just ing Seat height.  The flow of mat ter, en ergy and
sig nals are shown. 
5.2 Ap ply ing AHP for com par ing con cepts with 
re spect to the main func tions
AHP is ap plied to the func tions con sid ered here and the
com par i son ma tri ces are shown in Ta bles 6, 7 and 8. In Ta bles
6, 7 and 8, A, B etc re fer to Con cept A, B etc. The in con sis ten -
12
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Concept A Concept B
Concept C Concept D
Concept E Concept F
Fig. 5: Con cepts for seat sus pen sions for off-high way ve hi cles (Af ter Hurst)
cies are also laid down with each ma trix con sid ered. The in -
con sis ten cies are all less than 0.1 and are ac cept able. Af ter the
ap pli ca tion of AHP, a pri or ity ma trix is ob tained (Ta ble 9).
This will be treated as our decision matrix.
5.3 Con cept func tion al ity graphs for the
ex am ple con sid ered
The CFG for this ex am ple is shown in Fig. 7. The in te gers
1 – 6 on the X-axis in Fig. 7 rep re sent Con cept A – Con cept F
re spec tively. The fig ure is meant to de pict a clear pic ture of
the strengths and weak nesses of dif fer ent con cepts with re -
spect to the func tions con sid ered.
5.4 Ap pli ca tion of the en tropy method to
cal cu late weights
The weights for the three func tions con sid ered have been
cal cu lated us ing the in for ma tion from the ma trix and the en -
tropy method (ex plained in Sec tion 3.3) is uti lized to cal cu late 
13
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Hold Seat 
Dampen Vibrations 
Adjust Seat height 
Seat Seat  
Evibration
Eauxiliary
Edampening
Eadjust
Fig. 6: Func tion struc ture of seat sus pen sion mech a nism
Hold seat A B C D E F Pri or i ties
A 1 5 3 3 2 1/3 0.233
B 1/5 1 1/3 2 1/3 1/4 0.061
C 1/3 3 1 3 1/3 1/4 0.103
D 1/3 1/2 1/3 1 1/5 1/5 0.047
E 1/2 3 3 5 1 1/2 0.190
F 3 4 4 5 2 1 0.365
Incon.: 0.06
Table 6: Com par i son ma trix wrt to Hold Seat
Dampen
vi bra tions A B C D E F Pri or i ties
A 1 5 3 5 1/2 3 0.0271
B 1/5 1 1/3 1 1/5 1/2 0.053
C 1/3 3 1 3 1/4 3 0.145
D 1/5 1 1/3 1 1/5 1/2 0.053
E 2 5 4 5 1 5 0.396
F 1/3 2 1/3 2 1/5 1 0.082
Incon.: 0.03
Table 7: Com par i son ma trix wrt to Dampen Vi bra tions
Ad just Seat
Height
A B C D E F Pri or i ties
A 1 1/3 1/2 1 1/2 1/2 0.082
B 3 1 3 5 2 3 0.352
C 2 1/3 1 3 1/2 2 0.157
D 1 1/5 1/3 1 1/3 1/3 0.061
E 2 1/2 2 3 1 3 0.229
F 2 1/3 1/2 3 1/3 1 0.119
Incon.: 0.04
Table 8: Com par i son ma trix wrt to Ad just Seat height
Con cept
 A B C D E F
Hold seat 0.233 0.061 0.103 0.047 0.19 0.365
Dampen
vi bra tions 0.271 0.053 0.145 0.053 0.396 0.082
Ad just seat height 0.082 0.352 0.157 0.061 0.229 0.119
Table 9: Pri or ity ma trix for seat sus pen sion con cepts
 
Concept Functionality Graph - Seat 
Suspensions
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
1 2 3 4 5 6
Concepts
Hold Seat
Dampen Vibrations
Adjust Seat Height
Fig. 7: CFG for the seat sus pen sion ex am ple
the same. The weights ob tained af ter the ap pli ca tion of the
method are shown in Ta ble 10. Nor mali sa tion of the de ci sion
ma trix is not re quired since the sum of pri or i ties for any at -
trib ute j is 1 in Ta ble 9.
Hav ing cal cu lated the weights and pri or i ties, we ob tain
R3I (Ta ble 11) us ing Eq. (4).
R I for all 3
1
i ij j
j
k
l w i= ∗
=
∑ .  (4)
We can see from Ta ble 11 that Con cept E has the best R3I
among all the avail able con cepts. Also the con cepts that may
be screened out are those that have low R3I value, which are B
and D. The or di nal ranks are also shown in Ta ble 11.
6 Con clu sion
In this pa per, we re viewed re li abil ity and pro posed a
method for cal cu lat ing a rel a tive in dex to com pare con cepts
in the ini tial phases of de sign. The method helps to ob tain
 ordinal rank ings of the avail able con cepts and is ap plied
on the ex am ple of seat sus pen sions for off high way ve hi cles.
The meth od ol ogy in volves ap pli ca tion of the an a lytic hi er ar -
chy pro cess to rel a tively com pare con cepts and the entropy
method for ob tain ing the weights of the func tions con sid ered. 
The idea of con cept func tion al ity graphs is in tro duced and
the re sults of ap pli ca tion on the ex am ple are dis cussed. Fu -
ture work in cludes val i da tion of this meth od ol ogy us ing other 
ex am ples from stu dent pro jects and from in dus try.
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Func tions Weight (wj)
Hold seat 0.33
Dampen vibrations 0.413
Ta ble 10: Weights ob tained af ter ap pli ca tion of the en tropy
method
A B C D E F
R3I 0.209 0.13 0.133 0.052 0.283 0.184
Rank 2 5 4 6 1 3
Ta ble 11: R3I and ranks for con cepts – seat sus pen sions
